We have calculated the band-f hybridizations for Ce x La 1−x M 3 compounds (x = 1 and x → 0; M=Pb, In, Sn, Pd) within the local density approximation and fed this into a non-crossing approximation for the Anderson impurity model applied to both dilute and concentrated limits. Our calculations produce crystalline electric field splittings and Kondo temperatures with trends in good agreement with experiment and demonstrate the need for detailed electronic structure information on hybridization to describe the diverse behaviors of these Ce compounds. 75.30.Mb, 71.27.+a, 75.10.Dg Typeset using REVT E X 1
A pressing issue in the understanding of strongly interacting electronic materials is how to produce realistic theoretical descriptions which encompass both crystalline environment and symmetry effects, well treated by ab initio electronic structure theory, with dynamical effects best treated within many body formalisms. A case in point is heavy fermion materials with strongly interacting f -electron states that give rise to huge electronic mass enhancements. Some understanding of these systems has been reached in Anderson model approaches which assume a nearly atomic limit picture for f -states that hybridize with extended conduction states through matrix elements determined from electronic structure (local density approximation or LDA) calculations [1] [2] [3] [4] [5] . In particular, Gunnarsson and Schöhammer [1] , have calculated high energy spectra for a number of cerium based metals with a T = 0 variational method, which however ignored crystal field effects. The LDA has been used to estimate hybridization induced crystalline electric field (CEF) splittings in cerium systems [3] without including the strong correlation effects which give rise to the Kondo effect screening of the f -electron magnetic moments by itinerant electrons. Second order perturbation theory in the direct Coulomb interaction strength U has been employed, and this gives good estimates for electron mass enhancements while only partially capturing Kondo effect physics [5] .
In this work, we present first results for a method which combines a nonperturbative, finite temperature diagrammatic approach for the Anderson model (the Non-Crossing Approximation) with input parameters from the LDA. The NCA can properly generate hybridization induced CEF splittings while giving an excellent description of the Kondo effect.
We report calculations of the CEF splittings and Kondo scales T K in CeM 3 (M=Pb, In, Sn, Pd) compounds in which experimental T K values vary with M by nearly three orders of magnitude. We have computed energy dependent hybridization matrix elements between Ce f -states and other conduction states within the LDA in two limits: 1) For the dilute alloy system Ce x La 1−x M 3 with x → 0;
2) For concentrated CeM 3 compounds.
We explain and compare the methods and results of those approaches. We correctly find a stable Γ 7 doublet CEF ground state with small T K values for CePb 3 and CeIn 3 and large T K values with negligible CEF effects for CeSn 3 and CePd 3 .
In our work, the CEF splittings are induced by band-f hybridization, which is anticipated to be the dominant contribution [4] . This splitting arises as follows: a CEF state in Cef 1 configuration is shifted downward by level repulsion through virtual [6] . Although the electrostatic potential from the cubic environment can induce the CEF (i.e. , in the point charge model [6] ), it is difficult to produce a good estimate of this contribution in a metal due to conduction electron charge screening [6] and metallic covalency. We shall neglect point charge contributions in this letter.
We describe the Ce x La 1−x M 3 systems in terms of effective impurity Anderson models [17, 18] in the dilute (x → 0) and concentrated (x = 1) limits at a site of cubic symmetry relevant to the Cu 3 Au structure. In this Letter, we ignore intersite interaction effects such as the anti-ferromagnetism found in CeIn 3 [16] and CePb 3 [17] . The impurity Anderson
Hamiltonian of interest reads
where m is the label of cubic irrep states, e.g. m = |J = We have used ǫ f m = −2.0 eV for Hund's ground multiplet (J=5/2) in all the calculations, consistent with experimental [7] and theoretical [8, 9] values. The spin-orbit (SO) splitting ∆ SO was read off from the separation between J = 5/2 and J = 7/2 peaks in the Ce 4f projected densities of states (DOS). We find ∆ SO = 0.35 eV for all M, in agreement with atomic values. We set the onsite Coulomb repulsion U → ∞ in our many body approximation, though we partially correct for this as we shall describe below. In the cubic point group symmetry of the CeM 3 compounds, the J = multiplet splits into Γ 6 and Γ 7 doublets, and a Γ 8 quartet. Experimentally, the Γ 7 doublet lies lowest for M=Pb, In (∆ 78 > 0), while no CEF splitting is resolved for M=Sn, Pd.
The hybridization matrix elements are calculated from the LDA using the Linearized Muffin-Tin orbital (LMTO) method in the Atomic Sphere Approximation (ASA) including the so called combined correction term [10] . We assumed the same Wigner-Seitz radii for Ce and M (=Pb, In, Sn) and used experimental lattice constants. For CePd 3 , the Wigner-Seitz radius of Ce was set to be 10 % larger than that of Pd [11] . We used 165 k-points in the irreducible Brillouin zone for the self-consistent solution with DOS integrations carried out using the tetrahedron method [13] . We set the orbital basis as s, p, d, f for Ce and s, p, d for M-ligands.
In the concentrated limit (x → 1, i.e., CeM 3 ), we define the hybridization Γ 
where V Rm is the hopping matrix element between m-th f -orbital and ligand orbital at R and G ′ (R, R ′ , ǫ + iη) the Greens' function of ligand electron created at R and recovered at R ′ , with the central f -orbital excluded, as shown in FIG. 1 (a) . Now the array of ligandand origin excluded f -orbitals (with origin excluded) serves as an effective static medium coupled to the f -orbital at the origin. Our method follows Gunnarsson et. al.'s suggestion [14] to interpret the f -projected DOS as the spectral function of an effective non-interacting resonant level model. This corresponds to the first iteration of a "dynamical mean field theory" or "local approximation" to the interacting problem [15] , which becomes exact in infinite spatial dimensions. We obtain the hybridization through Hilbert transformation as follows:
where
from the band calculation with the LDA. We display the calculated x → 1 limit model
In the impurity limit (x → 0), we calculate the hybridization between f and bare ligands, that is,
While, in the concentrated limit, the f -electron hops into already-formed bonding states of f (origin excluded)-ligand, this impurity limit hybridization accounts for the overlap of f Hence, in the one-center basis, the angular momentum states become trivially orthogonal.
After diagonalizing the ligand sector of the matrix and applying a suitable unitary transformation to the new ligand basis, we can directly read off hybridization matrix elements, V kσm .
To compute Γ imp mm ′ (ǫ), the Brillouin Zone sum of Eq. (4) is calculated with the tetrahedra method [13] . In this limit, we used lattice constants of LaM 3 compounds and readjusted the Fermi energy such that the ligand bands are filled up with N total − 1 electrons (which accounts for the lattice-wide removal of the single Ce 4f 1 electron).
As seen in FIG. 2 , the x → 0 and x → 1 limit hybridizations are almost identical in the high energy region (|ǫ − E F | ≥ 0.5 eV). In the low energy region (inset), the peak at −0.1 eV in the impurity limit ( FIG. 2 (a) ) is pushed down to −0.2 eV in the effective medium hybridization due to the bonding of Ce-f and Pb-p orbitals. Since the Kondo temperatures (T K ) depend upon the hybridization weight below the Fermi energy (E F ), this bonding effect can lead to a completely different scale of T K as x changes. For CePb 3 [17] and CeSn 3
[18] experimental T K values are constant with x, and our calculations (Table 1) show this within reasonable accuracy, given the exponential sensitivity of T K to model parameters [19] .
Another difference between the x → 0 and x → 1 limits is the extra structure appearing in the x → 1 calculation above E F (dashed line of FIG. 1(a) ) which is due to flat f -bands.
Although this feature above E F is qualitatively different from the x → 0 limit, it contributes little to ∆ 78 .
We solved the U → ∞ Anderson model by using the well known Non-Crossing Approximation (NCA) which gives a good quantitative description of Ce compounds except for T ≤ T p ≪ T K (where T p is a "pathology scale" signalling breakdown of the approximation) [2] . To the first order expansion in 1/N g , with N g the ground multiplet degeneracy, the spectral functions of the f 0 and f 1 states are solved for from coupled self consistent nonlinear integral equations for the f 0 , f 1 self energies. To partially correct for our U → ∞ approximation, we have estimated the contribution to ∆ 78 arising from virtual f 2 occupancy between | ; Γ 8 f 1 spectral functions, which include contributions to all orders in V 2 , as per Levy and Zhang [4] and in contrast to Wills and Cooper [3] . The Kondo temperatures T K were interpreted as the low temperature splitting between the f 0 spectral peak and the peak of the lowest f 1 CEF state spectrum.
T K roughly depends upon the hybridization strengths as [20] T
where D ef f is the effective band width, Γ g hybridization strength at Fermi energy for ground multiplet, and N g (N ex ) the degeneracy of ground(excited) multiplets. Pd-d and Ce-f orbitals below the Fermi energy, and as a result, the estimated T K was nearly an order of magnitude larger than the experimental value [21] .
The magnetic susceptibility χ(T ) provides a measure of the degree of screening of the local moments by conduction electrons, for which we show our in FIG. 3(a) . CeIn 3 and fits the data well [22] , we suspect the source of the disagreement may be an overestimate of crystal field splitting in our calculation, placing the effective degeneracy between two (T K ≪ ∆ 78 ) and six (∆ 78 = 0).
In conclusion, we reproduced both the band and many body features of the Ce- 
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